The hierarchical population structure of five, native-Spanish donkey breeds (Andaluza, Catalana, Mallorquina, Encartaciones and Zamorano-Leonesa) has been studied using Fstatistics. In addition, nine Moroccan asses and 24 Merens breed horses were included in the analysis. Data came from 15 DNA microsatellites. The analysis shows that Spanish donkeys are substructured at both hierarchical levels studied, among breeds and within breeds (between subpopulations). In the whole population, the deficit of heterozygotes was estimated to be about 21%. The fixation
Introduction
The ass (Equus asinus), is a herbivorous animal of the order Perissodactyla, family Equidae. It was domesticated about 6000 years ago, probably in either Egypt or Mesopotamia (Littauer and Crouwel, 1979) . In Spain, the development of donkey populations has been influenced by their extensive use for riding and as a beast of burden; it is capable of carrying over 100 kg.
The Spanish donkey breeds Andaluza, Catalana, Mallorquina, Encartaciones and Zamorano-Leonesa have suffered a substantial decrease in population size (Jordana and Folch, 1998) which might create high levels of inbreeding which may result in inbreeding depression, increasing the risk of breed extinction. Currently, the census population sizes of these five breeds are very low, and they are included in the Food and Agricultural Organization of the United Nation's (FAO) list of domestic animals to be preserved (FAO, DAD-IS http://fao.org/dad-is).
The objective of the present study is to characterize the genetic structure of five Spanish donkey populations in danger of extinction by using F-statistic analysis (Wright, 1965; Nei, 1977; Weir and Cockerham, 1984) . F-statistics have proven to be a very useful tool in elucidating the pattern and extent of genetic variation residing within and among natural populations of animal and plant species.
Genetic characterisation is the first step in breed conservation programmes and may have implications for future breeding strategies (Bjørnstad et al, 2000) . Little genetic data from domestic donkeys exist (Breen et al, 1994; Bellone et al, 1998; Jordana et al, 1999 Jordana et al, , 2001 Aranguren-Méndez et al, 2001 ).
Materials and methods
Breeds studied and DNA collection Genomic DNA was prepared from whole blood according to standard methods involving lysates of the washed white cells and phenol-cloroform-isoamylalcohol (25:24:1) extraction. The sample size and breeds involved were: 87 Andaluza (AND), 140 Catalana (CAT), 104 Mallorquina (MALL), 74 Encartaciones (ENC) and 108 Zamorano-Leonesa (ZAM). The areas of main distribution of these indigenous Spanish breeds are shown in Figure 1 . In addition, nine Moroccan asses were used as members of the E. asinus africanus, and 24 horses of the Merens breed (E. caballus) were used as an outgroup. The breeds were divided into 16 subpopulations, according to geographical criteria and/or areas of influence of certain breeders (Figure 1 ).
Microsatellite markers
The 15 equine microsatellite markers chosen for analysis were: AHT4, AHT5, ASB2, HMS1, HMS2, HMS3, HMS5, HMS6, HMS7, HTG4, HTG6, HTG7, HTG10, HTG15 and VHL20. Primer sequences, reaction conditions and the data obtained (available from the authors on request) have been described previously by Aranguren-Méndez et al (2001) .
Statistical analyses
Population structure was analysed by means of F-statistics using Weir and Cockerham's methods (1984) , implemented in the fstat computer programme (Goudet, 2000) . A hierarchical F ST analysis was performed to determine the amount of variance attributable to subpopulation substructure (Wright, 1978; Johannesen and Loeschcke, 1996) . The hierarchical analysis was carried out using analysis of molecular variance (AMOVA) in the arlequin 2000 package (Schneider et al, 2000) . AMOVA yields estimations of population structure at different levels of the specified hierarchy.
In order to test the significance of the different statistics for the null hypothesis of no differentiation at the corresponding level, permutation and resampling tests (jackknifing and bootstrapping) were carried out as implemented in the previous programmes.
The Reynolds genetic distance, D R , (Reynolds et al, 1983) , a measure based on F ST values [D R = −ln(1−F ST )], with neighbour-joining (NJ) clustering (Saitou and Nei, 1987) , was used to construct a dendrogram of breed relationships, using the phylip package (Felsenstein, 1995) . An unrooted consensus tree, evaluated by 1000 bootstrap replicates, was obtained. The method of Slatkin (1993) , implemented in genepop, was used to assess the genetically effective migration rate (M = N e m, the average number of migrants exchanged per generation).
Results
Thirteen of 15 equine microsatellites investigated amplified well and were polymorphic in the donkey, except for locus ASB2, which failed to amplify, and HMS1, which was monomorphic (165 bp) in all breeds. F ST , F IT and F IS values, computed over all breeds and loci, were obtained. Levels of apparent breed differentiation were considerable and multilocus F ST values indicate that around 4.1% of the total genetic variation could be explained by breed differences, the remaining 95.9% corresponding to differences among individuals. Genetic differentiation among breeds was highly significant (P Ͻ 0.001) for all loci. On average, individuals within breeds had a 17.8% (P Ͻ 0.001) deficit of heterozygotes, whereas the total population had a 21.1% (P Ͻ 0.001) deficit of heterozygotes.
Values for the F-statistics of the Spanish donkey populations at all hierarchical levels are presented in Table 1 . The degree of genetic differentiation among subpopulations was highly significant for all breeds, varying from 1.3% for the Encartaciones breed to 5.8% for the Andaluza breed (P Ͻ 0.001).
The hierarchical analysis of the Spanish donkey populations (Table 2) revealed that, as expected, most of the differentiation occurs among breeds with respect to the total population rather than among subpopulations within breeds, and within subpopulations; 0.064 vs 0.035, and 0.030, respectively. The differentiation among breeds in the hierarchical analysis was 6.4%, more than that obtained without using a hierarchical analysis (4.1%). Table 3 shows the total inbreeding estimate (F Х F IT ) per breed, evaluated by hierarchical analysis. The F IT average, obtained from jackknifing over loci, ranged from 0.112 ± 0.049 to 0.232 ± 0.058, for the Mallorquina and Andaluza breeds, respectively.
The interbreed genetic distance, or F ST estimates, below the diagonal, and gene flow (N e m) above the diagonal, between pairs of Spanish donkey breeds are shown in Table 4 . After 1000 permutations, performed with fstat, all F ST calculated by pairwise breed combinations were significantly different from zero (P Ͻ 0.001). Least differentiation was detected between the Andaluza and Zamorano-Leonesa breeds and Encartaciones-Mallorquina breeds (F ST = 0.031), and the most divergence was observed between the Andaluza and Catalana breeds (F ST = 0.058). N e m represents the number of effective migrants exchanged per generation. The N e m values for pairs of breeds varied from 4.16 to 7.88 for the AND-CAT pair and the MALL-ENC pair, respectively. Figure 2 shows a NJ tree based on Reynolds genetic distance (data not shown) relating the five Spanish donkey breeds studied, the Moroccan ass, and the Merens breed used as outgroup. The numbers at the nodes are bootstrapping values for 1000 replicates of the 13 loci genotyped.
Discussion
Genetic differentiation among Spanish donkey breeds exists. All loci contribute to this differentiation with F ST values being moderately low and similar for all systems studied, but very significant (P Ͻ 0.001). However, it is clear that most of the total genetic variation corresponds to differences among individuals (95.9%) and only less *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 from permutation tests in fstat programme. than 5% is due to differences among breeds. These values of total genetic differentiation (F ST ) among breeds are close to those found in other domestic species, for example: among river buffalo breeds (F ST = 0.038, Barker et al, 1997) , among Spanish horse breeds (F ST = 0.078, Cañ on et al, 2000), though they are slightly lower than those found in Norwegian horse breeds (F ST = 0.12, Bjørnstad et al, 2000) , in European cattle breeds (F ST = 0.11, MacHugh et al, 1998; Kantanen et al, 2000) and among Spanish dogs (F ST = 0.099, Jordana et al, 1992) . The results from the hierarchical analysis further show that populations of Spanish donkeys are substructured at different levels ( Table 2 ). The differentiation within breeds is only half of that between breeds (3.5% and 6.4%, respectively). This value (within breeds) was similar to that reported for other organisms: Spanish dogs (Jordana et al, 1992) , black-tailed dogs (Chesser, 1983) and house mice (Selander and Kaufman, 1975) .
The total inbreeding estimate (F Х F IT; Table 3 ) showed a significant deficit of heterozygotes (P Ͻ 0.001) for all breeds. Consanguinity, which is produced by mating between relatives, can be one cause of a deficit of heterozygotes, but this deficit affects all or most of the loci in a similar way. The AND, CAT and ZAM breeds showed 10 or 11 loci, of the total of 13, with a significant deficit of heterozygotes, which might thus result from consanguinity (Table 3) . Although in these breeds high and significant values of F ST (Table 1 ) (0.058, 0.031 and 0.037, respectively), also suggest that a significant subpopulation structure (a Wahlund effect) exists. On the other hand, MALL and ENC breeds showed significant deficits of heterozygotes at only five and six loci, respectively, these deficits being harder to explain by consanguinity.
We must remember that there are other factors that can also cause a lack of heterozygotes in the population (Nei, 1987) . First, 'null alleles' (non-amplifying alleles) may be present and lead to a false observation of excess homozygotes. Secondly, the presence of population substructure within the breed may lead to a Wahlund effect.
Reproductive substructure within the breed is a feasible explanation for the high deficit of heterozygotes observed in the Spanish donkey populations. Nevertheless, two loci exist, specifically HTG4 and HMS7, which show a very significant deficit of heterozygotes in all breeds (P Ͻ 0.001). The most coherent interpretation to explain this deficit is the possible presence, not detected, of 'null alleles' in these populations. Previous reports have indicated the occurrence of a 'null allele' present in the HMS7 locus in the Quarter-horse equine breed (Bozzini et al, 1997) .
The dendrogram's topology (Figure 2 ) is very similar to that obtained by Aranguren-Mèndez et al (2001) using the D A genetic distance (Nei, 1987) and the NJ algorithm. In this work, the four breeds of black coat from the north of Spain (CAT, ENC, MALL and ZAM) form a closed cluster (64% support), supporting the hypothesis of a common ancestral past from E. asinus europeus.
In this paper, unlike Aranguren-Mèndez et al (2001) , the African origin of the Andaluza breed is clarified, which forms a cluster with the Moroccan ass, a genuine representative of the ancestral trunk of E. asinus africanus. This supports the thesis earlier stated by other authors about its African origin (Aparicio, 1960; Epstein, 1984; Sotillo and Serrano, 1985) . However, the low bootstrap value for this cluster (43% support) reflects the instability of the topology, so additional studies to confirm this hypothesis are necessary.
Further investigations involving more European and African donkey populations, as well as the analysis of genetic variability of mtDNA, could look for possible introgression of mtDNA haplotypes of African origin into these populations.
